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The grass shrimp (Palaemonetes vuigaris) orients itself by means of the polarization pattern of the 
sky visible through Snell's window of the water surface. The celestial polarization pattern viewed from 
water is distortt.~! and modified because of refraction and repolarization of skylight at the air-water 
interface. This work provides a quantitative account of the repolarization of skylight transmitted 
through a fiat water surface. The degree and direction of linear polarization, the transmissivity and 
the shape of the refraction-polarization oval are calculated at the air-water interface as functions of 
the polarization characteristics and the incident angle of partially linearly polarized incoming fight. 
Two-dimensionul patterns of linear polarization ellipses and of the degree and direction of polarization 
of skylight are presented for different zenith distances of the sun. The corresponding underwater 
refraction-polarization patteras are computed. Transmissivity patterns of a fiat water surface are 
calculated for unpolarized fight of an overcast sky and for partially polarized light of clear skies as 
a function of the zenith distance of the sun. The role of these refraction-polarization patterns in 
orientation and polarization vision of the grass shrimp (P. vulgaris) and rainbow trout (Oncorhyncus 
mykiss) is reviewed. The effects of cloud cover, surface waves and water turbidity on the refrac- 
tion-polarization patterns are briefly discussed. 
Refraction polarization of skylight Snell's window Underwater polarization vision Sun compass naviga- 
tion Palaemonetes vulgaris Oncorhyncus mykiss 
I. INTRODUCTION 
The eyes of several terrestrial nd semi-terrestrial species 
are sensitive to the plane of polarization of light. They 
can use the polarization of blue sky for sun compass 
navigation when the sun is occluded (Waterman, 1981). 
The situation is less clear in aquatic animals although 
many--e.g. Cladocera (Baylor & Smith, 1953), salmon 
(Groot, 1965), crab (Shaw, 1966), teleosts (Forward & 
Waterman, 1973), goldfish (Hawryshyn & McFarland, 
1987)--can discriminate E-vector direction and perform 
polarotactic responses. Several functions have been pro- 
posed for underwater polarization sensitivity, including 
contrast enhancement of underwater objects against 
the background (Lythgoe & Hemmings, 1967), vertical 
migration (Umminger, 1968), maintenance of body 
position (Bardolph & Stavn, 1978) and goal-directed 
orientation (Waterman, 1988). 
The optical properties of the air-water interface play 
*Universit~t Tfibingen, Lehrstuhl fiir Biokybernetik, Auf der 
Morgenstelle 28, D-72076 Tfibingen 1, Germany. 
tTo whom all correspondence,; should be addressed at present address: 
Biophysics Group, Department of Atomic Physics, Lor~nd Ertvrs 
University, H-1088 Budapest, Puskin u. 5-7, Hungary. 
an important role in the theory of radiative transfer in 
the earth's atmosphere (Coulson, 1988) and hydrosphere 
(Jerlov, 1976). Refraction of light is associated with 
polarization according to Fresnel formulae; unpolarized 
direct sunlight penetrating the water becomes partially 
linearly polarized. The pioneer measurements of Water- 
man (1954) demonstrated that underwater light is sub- 
stantially polarized in all directions, mostly linearly but 
with some ellipticity just beyond the edge of Snell's 
window (Ivanoff & Waterman, 1958a). 
From just under the water surface to a depth of about 
50 m in the clearest water, the distribution and quality 
of light are strongly influenced by refraction. Through a 
flat water surface an aquatic animal sees the entire 
celestial over-water hemisphere condensed into Snell's 
window with an angular extent of 97 deg. Light from 
Snell's window in shallow waters contains most of the 
components of the spectrum available to terrestrial 
animals. Outside Snell's window the light from deeper 
layers is reflected, it is dim and its spectral range is 
restricted especially in open waters. At the boundary of 
Snell's window light from near the above-water horizon 
is split into a rainbow due to dispersion (Jerlov, 1976). 
An object above-water directly overhead suffers little 
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refractive distortion when seen from the water, but the 
image of objects near the horizon is substantially com- 
pressed (Horvfith & Varjfi, 1991). When the water is 
smooth, the boundary of Snell's window is sharp, and 
there is a strong contrast between the bright scene above 
and the darker eflections from deep water. Some plank- 
ton-feeding fishes living near the surface have an area of 
enhanced acuity on that part of their retinae where the 
boundary of Snell's window comes to lie (Munk, 1970). 
One of the two foveae of the compound eye in the water 
bug, Notonecta glauca, also looks in the direction of the 
edge of Snell's window when the animal is hanging below 
the water surface (Schwind, 1983, 1985). 
There are two different underwater polarization pat- 
terns, one inside and one outside Snell's window. The 
celestial polarization pattern is present within Snell's 
window, but it is modified because of refraction and 
repolarization of skylight at the air-water interface. 
Further on in this work this pattern is called the 
refraction-polarization pattern (RPP) of skylight. Out- 
side Snell's window is another polarization pattern, 
called the bulk transmission-polarization pattern 
(BTPP) created by interaction between water and sun- 
light transmitted. Both of these patterns vary with and 
contain information on the position of the sun. Earlier 
investigations on the RPP are lacking in the literature, 
while those of the BTPP are numerous (e.g. Kattawar, 
Plass & Guinn, 1973; Jerlov, 1976; Lundgren, 1976). The 
complex underwater intensity and polarization patterns 
(both RRP and BTPP) are modified by spatio-temporal 
variations of light distribution due to surface waves 
(Jelley, 1989). They focus sunlight at different depths 
depending on their wavelength; surface ripples focus 
light at depths of few centimetres, longer waves at 
greater depths (Schenck, 1957). Wave-focussing causes 
flicker, the frequency of which decreases with increasing 
depth. 
All aspects of the underwater optical environment 
cannot be dealt with in a single paper since its math- 
ematical treatment is very complex. Nevertheless, apart 
from the RPPs, the mathematics of radiative transfer in 
water is well established (Jerlov, 1976) and have been 
successfully applied to different aspects of underwater 
vision (Lythgoe, 1979; Pilgrim, Redfern, MacLachlan &
Marsh, 1989). One of these aspects is the RPP, which 
however, to our knowledge has not been quantitatively 
investigated, although it plays an important role in 
orientation of some aquatic animals. 
The number of aquatic animals which are known to 
use the RPP of skylight is relatively small. It has been 
demonstrated only recently that the grass shrimp 
(Palaemonetes vulgaris) orients by means of the RPP 
(Goddard & Forward, 1991). Other candidates for ex- 
ploiting the RPP are migrating fishes. Rainbow trout 
(Oncorhyneus mykiss), for example, might also use RPP 
for sun compass orientation during migration 
(Hawryshyn, 1992). Certain water bugs, like Corixa 
punctata (Rensing & Bogensch/itz, 1966) and N. glauca 
(Schwind, 1985) also possibly exploit he RPP. The RPP 
could also be of particular importance for orientation to 
other aquatic animals moving near the water surface, 
attracted to it by its higher oxygen content (Moyle & 
Cech, 1988) or driven there by predators (Schlosser, 
1987). 
The aim of this work is to calculate the RPP of the flat 
water surface. First, a quantitative account of the 
physics of repolarization ofskylight ransmitted through 
the water surface is given. The degree and direction of 
linear polarization, the transmissivity and the shape of 
the refraction-polarization oval are calculated at the 
air-water interface as functions of the polarization 
characteristics and the incident angle of partially linearly 
polarized incident light. Then two-dimensional patterns 
of linear polarization ellipses, and those of the degree 
and direction of polarization of skylight are presented 
for different zenith distances of the sun. The correspond- 
ing RPPs are computed. Transmissivity patterns are 
calculated for unpolarized light of an overcast sky and 
for partially polarized light of clear skies as a function 
of the zenith distance of the sun. The role of these RPPs 
for orientation in the grass shrimp (P. vulgaris) and 
rainbow trout (O. mykiss) is briefly reviewed. We confine 
our investigation to the flat water surface, because it is 
unimaginably complex to consider all possible surface 
disturbances (e.g. ripples). However, our calculations 
might be instructive as a first-order approximation f the 
real RPPs. The effects of cloud cover, surface waves and 
water turbidity on the RPPs are qualitatively and briefly 
discussed. 
2. METHODS 
The amplitude Er and the direction ~Pr of the refracted 
electric field vector and the transmissivity T of the 
air-water interface are given in Appendix A as functions 
of the incident angle 0i and angle of obliqueness (Pi- The 
degree Jr of linear polarization of refracted light and the 
transmissivity of the water surface are given in Appendix 
B for unpolarized incident light. In Appendix C the 
refraction polarization features of the air-water interface 
are derived for partially linearly polarized incoming 
light. The polarization characteristics of skylight were 
described by the semi-empirical Rayleigh model 
(Coulson, 1988; Schwind & Horv/~th, 1993; Horvfith, 
1995), which can be considered a good approximation 
for biological purposes (Waterman, 1981; Wehner, 
1989). The light radiated by clouds of an overcast sky 
was assumed to be unpolarized. 
The three-dimensional celestial hemisphere is rep- 
resented in two dimensions in a polar-coordinate sys- 
tem. The angular distance 0 from the zenith and (p from 
the solar meridian are measured radially and tangen- 
tially respectively. In this two-dimensional coordinate 
system the zenith is at the origin and the horizon 
corresponds to the outermost circle. To represent the 
RPP, a similar coordinate system parallel to the 
air-water interface is used. The boundary of SneU's 
window extends up to 
flsw = arc tan(na/x/~ - n2a) : 48.5 deg 
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measured from the zenith, where na= 1.000 and 
nw = 1.333 are the refi'active indices of air and water. 
Due to refraction the over-water world visible through 
the Snell's window is distorted (Horvfith & Varjfi, 1991): 
a point of the firmament with a zenith distance fl is 
apparently seen in direction 
2 sin 2 fl) fl' = arc tan(ha sin [3/x/n 2 - na
from the vertical. The apparent horizon corresponds 
to the boundary of Snell's window. Two different ways 
of representation of polarization patterns are used. 
(i) Distribution of celestial inear polarization ellipses 
and refraction-polarization vals (RPOs). [Their long 
axes represent the direction, and their eccentricity the 
degree of linear polarization (see e.g. Guether, 1990). 
One must not mistake the linear polarization ellipse and 
oval for the elliptical polarization of light!] (ii) The 
regions of the sky and those of Snell's window with 
different values of transmissivity, degree and direction of 
polarization are shaded by different colours. In the 
calculations it was assumed that the air-water interface 
is fiat (without ripples) ;and the refraction polarization of 
light at the water surface is governed by the Fresnel 
formulae (Guenther, 1990). The contribution of under- 
water polarization of light to the RPP due to scattering 
was neglected. This approximation is reasonable if the 
underwater observer is near the water surface. The list 
of symbols used, their meanings and their reference 
numbers can be found in Appendix D. 
3. RESULTS 
3.1. Refraction-polarization ovals, degree and direction 
of polarization of refracted light 
In Fig. 1 the amplitude transmission coefficients all 
and a± (Guenther, 1990) for parallel and perpendicularly 
polarized incident light are shown as a function of the 
incident angle 0i at the air-water interface (Appendix A). 
The vertically polarized light is slightly less attenuated 
than the horizontally polarized light at all incident angles 
a_l_ 
0 o 90  ° 
Oi 
FIGURE 1. Amplitude transmission coefficients all and a± as a 
function of the incident angle 0i (measured from the vertical) for 
parallel (with respect to the water surface) and perpendicular inear 
polarization of incoming light calculated for the air-water interface 
with n~ = 1000 and nwate r = 1.333. 
0 i = 90 ° 
A B 
~r T 
1 
, , , , , ,~ , , ,  oi 0 , , ,  0 i
0 o 90 ° 0 o 90 ° 
C D 
FIGURE 2. (A) RPOs for unpolarized (6i = 0) incident light as a 
function of the incident angle 0 i increased from 0 to 90 deg in steps of 
A0~ = 9 deg from the centre towards the periphery. The outermost 
circle (with a graduated scale) shows the spatial distribution of the 
electric field vector of unpolarized light. (B) Representation of the 
RPOs vs 0i in a perspective plot. (C) Degree of linear polarization fir
of refracted light, and (D) transmissivity T of the air-water interface 
vs incident angle 0~ of unpolarized incoming light. 
0 i except 0i = 0 deg and 0 i = 90 deg. When the direction 
of the E-vector of totally polarized light is oblique, it can 
be decomposed into a horizontally and a vertically 
polarized component, both of which oscillate coherently. 
As the vertical component is less attenuated, the plane 
of polarization of the sum of the components will 
become more vertical, so that the E-vector rotates 
towards the vertical after refraction (if 0i ~ 0 deg and 
0i ¢ 90 deg). 
The refractive indices of air and water varies slightly 
with the wavelength of light, so that less light is transmit- 
ted in the UV range of the spectrum than in the visible 
range (Guenther, 1990). This dispersion, however, is not 
strong. The refractive index of red light (2 = 656.3 nm) 
amounts to 1.3312, that of UV light (2 = 308.2 nm) to 
1.3567. Therefore we omitted the spectral character of 
skylight and used in the calculations the refractive 
indices nair = 1.000 and nwatcr = 1.333, that correspond to 
wavelengths in the middle range of the visible spectrum 
(2 = 587.6 nm). According to the field measurements by
Ivanoff and Waterman (1958b) also, the effect of wave- 
length on underwater polarization is weak. 
The light from the neutral Arago, Babinet and 
Brewster points of the firmament--positioned along the 
solar and anti-solar meridian, in the vicinity of the sun 
and anti-sun (Coulson, 1988)--and the diffuse light 
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of  an overcast sky is unpolarized. After refraction at the 
water surface this unpolarized light becomes partially 
linearly polarized with vertical E-vector at any incident 
angle. In Fig. 2(A, B) the shape of the RPOs are depicted 
as a function of  the incident angle 0i of  unpolarized 
incoming light. Figure 2(C, D) shows the degree of  
polarization (~r of refracted light and the transmissivity 
T of  the water surface for unpolarized incident light vs 
0i (Appendix B). As the incident angle increases, the size 
of  the RPO decreases quasi exponentially [Fig. 2(A, B)] 
due to the decrease of  the transmissivity [Fig. 2(D)]. 
Since all ~< a I (Fig. 1) the RPO for unpolarized incident 
A B 
0i = 90 ° 
oL i - - - O ~ U " ~  a i = 
0i = 0 ° 
~r Og r
1 90 ° 
0 . . . . . . . . .  0; 0 ° . . . . . . . . .  0i I I I I  I I I  I 
0 o 90  ° 0 o 90  ° 
a i  = a i  - -  
C D 
FIGURE 3. RPOs, degree fir and direction ct r of linear polarization of refracted light as a function of the incident angle 0 i
of partially linearly polarized incident light with degree of polarization tS~ = 0.5 for different values of the incident direction 
of polarization ai measured from the vertical and given in the diagrams. The plots in (A)-(D) have the same meaning as the 
similar ones in Fig. 2. The dashed ellipses illustrate the polarization ellipses of incident light. 
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FIGURE 4. Two-dimensional representation f the pattern of polarization ellipses of skylight for different zenith distances 
0s of the sun (one must not mistake the linear polarization ellipse for the elliptical polarization of light!). The polar-coordinate 
system represents he celestial hemisphere. The zenith is at the centre, the sun is indicated by a dot, the horizon is the outermost 
circle; SM, solar meridian; ASM, anti-solar meridian. The direction of observation 0 from the zenith is measured radially 
(zenith, 0 z = 0 deg horizon, 0 n = 90 deg). The azimuthal angular distance q~ is measured as the angle between the solar meridian 
SM and the meridian of the point observed (solar meridian, tPsM = 0 deg; anti-solar meridian, ~OAS M= 180 deg). (A) 0 s = 0 deg 
(sun at the zenith); (B) 0 S = 30 deg; (C) 0~ = 60 deg; (D) 0s = 90 deg (sun at the horizon). 
light is slightly elongated [Fig. 2(A, B)]. The greater the 
incident angle, the larger the degree of  polarization of  
refracted light [Fig. 2(('.)]. 
I f  the incident light is partially linearly polar ized--as 
is skyl ight- - the spatial distribution of  the incident E- 
vectors is characterized by a polarization ellipse. (The 
distribution of  the refracted E-vectors is not described by 
an ellipse but by an oval.) In this case the effects of  
refraction on the unpolarized and totally polarized parts 
of  incident light can be superimposed. The unpolarized 
component  is partially converted into vertically polar- 
ized light (Fig. 2) and the totally polarized part rotates 
its plane of  oscillation towards the vertical, unless its 
direction is horizontal or vertical. Figure 3 illustrates the 
RPOs, the degree 6r and direction ~r of  polarization of  
refracted light as a function of  the incident angle 0i for 
a given degree of  polarization (6i = 0.5) and for different 
directions of  polarization 0~i of  partially linearly polar- 
ized incident light (Appendix C). Since the vertical 
component  of  the incident electric field vectors is less 
attenuated than the horizontal one (Fig. 1), the RPO 
rotates towards the vertical (i.e. ~r decreases) as the 
incident angle increases, whenever the incident E-vector 
is oblique relative to the water surface [Fig. 3(B, C)], but 
not when the incident E-vector is vertical [Fig. 3(A)] or 
horizontal [Fig. 3(D)]. Figure 3 also demonstrates that 
the degree of  polarization 6r of  refracted light increases 
with increasing incident angle 0i when 0t i is < 30 deg 
[Fig. 3(A, B)]. The opposite is true when ~t i is > 60 deg 
[Fig. 3(C, D)]. 
3.2. Refraction-polarization patterns of skylight visible 
through the Shell's window of flat-water as a function of 
the zenith distance of the sun 
One of  the possible ways of  displaying the celestial 
polarization pattern is to represent he distribution of  
polarization ellipses of  skylight in two dimensions. This 
is shown in Fig. 4 for four different zenith distances of  
the sun. Figure 5(A-D) shows the corresponding pat- 
terns of  RPOs, and Fig. 5(E) the refract ion-polar izat ion 
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pattern calculated for unpolarized light of an overcast 
sky. E max was set to unity in the calculations; pectral and 
intensity differences in skylight were not taken into 
consideration. Skylight polarization depends only 
slightly on the colour (K6nnen, 1985; Coulson, 1988). 
Figures 4 and 5 demonstrate how the degree and 
direction of polarization of skylight change after refrac- 
tion at the water surface. Since the change of polariz- 
ation of refracted light increases with the incident angle 
(Figs 2 and 3), the pattern of the RPOs (Fig. 5) differs 
from that of the corresponding celestial polarization 
ellipses (Fig. 4) more considerably near the boundary of 
Snell's window, i.e. near the apparent horizon. Because 
the amplitude transmission coefficients decrease with 
increasing incident angle (Fig. 1) the RPO of skylight 
decreases also rapidly at the boundary of Snell's win- 
dow. (This sudden decrease is not demonstrated in Fig. 5 
where the tiny RPOs could not be shown due to the 
limited spatial resolution of the plotter.) 
The distribution of celestial polarization ellipses and 
RPOs is easy to survey and gives a comprehensive 
impression of the change of the celestial polarization 
pattern through refraction at the water surface. Another 
way to demonstrate his change more quantitatively is to 
plot lines along which the degree of polarization of 
incident and refracted skylight or the direction of polar- 
ization is constant. For a better visualization we shaded 
the areas between neighbouring lines with different 
colours. Figure 6 shows the celestial distribution of the 
degree of polarization of skylight for different zenith 
distances of the sun. Figure 7(A-D) demonstrates the 
corresponding patterns after refraction at the flat-water 
surface under clear skies. Figure 7(F) was calculated for 
unpolarized light of an overcast sky. In Fig. 8 some 
contour lines of equal degree of polarization of skylight 
refracted within Snell's window are shown for different 
zenith distances of the sun to represent the neutral points 
near the apparent sun and anti-sun. In Fig. 6 the celestial 
neutral points coincide with the solar and anti-solar 
positions. Figure 8 demonstrates however, that the 
neutral points within Snell's window do not correspond 
to the position of the apparent sun and anti-sun but they 
/ 
v 
C 
I= 
F IGURE 5. (A-D) Two-dimensional representation of the pattern of RPOs of skylight (one must not mistake the linear 
polarization oval for the elliptical polarization of light!) visible from water through the Snell's window of the flat water surface 
for different zenith distances 0,of the sun and for the corresponding apparent zenith distances 0,~ within Snell's window. (A) 
0 s = 0 deg, 0~ = 0 deg; (B) 0~ = 30 deg, 0 r = 22 deg; (C) 0s = 60 deg, 0 r ~ 41.5 deg; (D) 0~ = 90 deg, 0 r = 48.5 deg. The large 
circles correspond to the over-water horizon, the smaller ones represent the boundary of Snell's window with an angular 
diameter of 97 deg. Other conventions a in Fig. 4. (E) Pattern of the RPOs within Snell's window for unpolarized light of 
an overcast ky. 
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FIGURE 6. (A-D) Two-dimensional p ttern of the degree of polarization fskylight for different zenith distances 0 of the 
sun. Other conventions and parameters a  in Fig. 4. (E) Colours corresponding to the different intervals of the degree of 
polarization ranging from 0 (white) to 1 (dark) in steps of 0.1. 
are shifted further away from the latter, except when the 
sun is at the zenith [Fig. 8(A)]. 
In addition to the distortion of the contour lines of 
the degree of polarization by refraction, there are also 
some qualitative differences between the celestial 
polarization patterns in Fig. 6 and the corresponding 
RPPs in Figs 7 and 8. When the sun approaches the 
zenith the band of strongest polarization of the firma- 
ment with nearly horizontally polarized skylight lies 
near the horizon [Fig. 6(A, B)]. Since the degree of 
polarization of refracted light for nearly horizontally 
polarized incoming light decreases with increasing in- 
cident angle [Fig. 3(C, D)], the contour lines of equal 
degree of polarization of refracted light move further 
away from the solar point, i.e. they are shifted 
towards the boundary of Snell's window [Figs 7(A, B) 
and 8(A, B)]. However, when the sun approaches the 
horizon the celestial strongly polarized band with 
nearly vertically polarized skylight lies near the zenith 
[Fig. 6(C, D)]. Since the degree of polarization of re- 
fracted light for nearly vertically polarized incoming 
light increases with increasing incident angle 
[Fig. 3(A, B)], the contour lines of equal degree of 
polarization of refracted light are shifted towards the 
solar and anti-solar po:ints [Figs 7(C, D) and 8(C, D)]. 
This results in two strongly polarized wedge-shaped 
patches near the boundary of Snell's window perpen- 
dicularly to the solar meridian [Figs 7(C, D) and 
8(C, D)I. 
The patterns of the direction of polarization of sky- 
light (the celestial E-vector distribution) are shown in 
Fig. 9 as a function of the zenith distance of the sun. 
Since all celestial E-vectors are directed horizontally 
when the sun is at the zenith, the pattern in Fig. 9(A) is 
uniformly dark. The corresponding patterns of refracted 
skylight are shown in Fig. 10. The refracted E-vector 
is also always horizontal when the sun is at the zenith, 
the pattern in Fig. 10(A) is, therefore, also homo- 
geneously dark. In this two-dimensional representation 
the contour lines of equal direction of polarization in 
Fig. 9(B-D) converge. The centre of the convergence 
is called the focal point of the contour lines. One of 
the celestial focal points is always the zenith, and the 
other ones are the solar and anti-solar positions 
[Fig. 9(B-D)]. 
The most prominent difference between the patterns 
in Figs 9 and l0 is that the focal point at the sun 
[Fig. 9(B)] is split into two focal points positioned 
around the apparent sun along the solar meridian 
[Fig. 10(B)]. The skylight from the solar meridian is 
always horizontally polarized and its degree of polariz- 
ation decreases gradually towards the sun, where it is 
1658 G,~BOR HORV.~TH and DEZSO VARJI] 
unpolarized. The unpolarized irect sunlight becomes 
slightly vertically polarized after refraction (Fig. 2). As 
the direction of view moves off the sun, the degree of 
polarization of skylight gradually increases along the 
solar meridian (Fig. 6). If the degree of polarization of 
this light is low, i.e. the angular distance from the sun is 
small, then the refracted light also becomes partially 
vertically polarized. However, if it is polarized over a 
certain threshold, the refracted light remains partially 
horizontally polarized but its degree of polarization is 
slightly reduced [Fig. 3(D)]. Hence there are two distinct 
points along the solar meridian and near the apparent 
sun where the direction of polarization of refracted 
skylight switches from vertical to horizontal. These 
points coincide with the two focal points around the 
apparent sun [Fig. 10(B)] and they constitute the two 
neutral points there [Fig. 8(B)]. 
In Fig. l l(A-D) the two-dimensional patterns of 
transmissivity of the fiat air-water interface are shown 
for different zenith distances of the sun (Appendix C). 
The transmissivity pattern in Fig. 11 (F) is computed for 
unpolarized light of an overcast sky (Appendix B). These 
patterns have in all cases a quasi cylindrical symmetry 
for transmissivity values smaller than about 95%. The 
pattern calculated for clear sky with the sun at the zenith 
[Fig. l l(A)] and that for unpolarized skylight 
[Fig. 1 I(F)] have an exact cylindrical symmetry. As the 
sun approaches the horizon the contour lines of equal 
transmissivity gradually become elongated, they are 
flattened perpendicularly to the solar meridian. The 
patches in Fig. I I(C, D) represent those regions where 
the transmissivity is > 98%. 
The occurrence of these slightly brighter patches of 
high transmissivity and the elongation of the trans- 
missivity contour lines at 90 deg from the solar meridian 
for sun near the horizon can be explained as follows. 
Due to the relationship T = 1 - R between transmissiv- 
ity T and reflectivity R, which is the consequence of the 
conservation of energy, the transmissivity is very high 
when R is very low. The reflectivity is very low when (i) 
the degree of vertical polarization of incident light is 
high, and (ii) the incident angle is near or smaller than 
the Brewster angle 0B = 53 deg. As the sun approaches 
the horizon the band of maximum degree of polarization 
of the sky approaches the zenith (Figs 6 and 9). The 
skylight from this zone satisfies condition i. Furthermore 
Condition ii is also satisfied at the two brighter patches 
of the water surface shown in Fig. 11(C, D). Conditions 
i and ii are fulfilled in a larger angular interval (measured 
from the zenith) at 90 deg from the solar meridian than 
FIGURE 7. (A-D) Pattern of the degree of polarization fskylight refracted within Snell's window of the flat water surface 
under clear skies for different zenith distances 0~ of the sun and for the corresponding apparent zenith distances 0~ within SneU's 
window. 0s and 0] as in Fig. 5. (F) As (A)~D) for unpolarized light of an overcast ky. The outermost circles represent the 
boundary of Snell's window. Other conventions a in Fig. 6. 
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FIGURE 8. (A-D) ,Contour lines of equal degree of polarization ofskylight refracted within Snell's window of the flat water 
surface for different zenith distances 0~ of the sun and for the corresponding apparent zenith distances 0 ~ within Snell's window, 
0s and 01 as in Fig. 5. (E) As (A)--(D) for unpolarized light of an overcast ky. The apparent position of the sun is indicated 
by a dot; the outermost circles represent the boundary of Shell's window. The values of the degree of polarization ofrefracted 
light in per cent are indicated at the corresponding contour lines. 
parallel to it. This results in the elongation of the 
transmissivity contour lines perpendicularly to the solar 
meridian [Fig. 1 I(C, D)]. For smaller zenith distances of 
the sun at least one of the above two conditions is not 
satisfied at any point of the water surface, so the brighter 
patches disappear [Fig. 11 (A, B)]. These bright patches 
correspond to the two clark patches of the water surface 
visible from air, where the surface is particularly 
transparent (K6nnen, 11985; Coulson, 1988; Schwind & 
Horv~ith, 1993; Horv~tth, 1995). 
In Fig. 12(A, B) the region of the firmament is shown 
for two different zenith distances of the sun where the 
degree of polarization of skylight is >65%. Figure 
12(C, D) shows the corresponding regions within Snell's 
window. When the sun is hidden by clouds but the sky 
is visible, this region of the sky may contain some 
information for the sun compass orientation of rainbow 
trout in addition to the BTPP, since they are capable to 
orient by means of the underwater polarization of light, 
provided that the degree of polarization is >65% 
(Hawryshyn & Bolger, 1990). 
4. DISCUSSION 
4.1. The effects of surface waves, water turbidity and 
cloud cover on the refraction-polarization patterns 
In the foregoing sections we have calculated so far the 
polarization pattern of refracted skylight immediately 
below the flat surface of calm waters [Figs 5, 7, 8, 10 and 
12(C, D)], and the transmissivity of the flat air-water 
interface (Fig. 11). Ripples and waves not only act as 
optical lenses but also distort the RPP. In the open 
ocean, wind generated waves might have amplitudes of 
several metres and wavelengths up to a few hundred 
metres (Jelley, 1989). A simple calculation reveals that 
for a I0 m peak-to-peak amplitude and a 200 m wave- 
length, the maximum tilt of the water surface is 9 deg, 
which is the maximum refractive rror of the estimated 
position of the sun. Marine animals might be able to 
navigate by means of the average position of the sun 
assessed through the RPP and integrated over time. The 
usefulness of the unobscured sun as an accurate compass 
is somewhat restricted by the fact that it seldom appears 
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as an image but is disintegrated in a glitter pattern which 
subtends a fairly large angle. Yet P. vulgar& is able to 
cope with this problem as Goddard and Forward (1989, 
1990, 1991) have convincingly demonstrated. 
Water turbidity distort the RPPs in Snell's window at 
greater depths. However, the polarization vision of 
aquatic animals is mainly confined to the UV range of 
the spectrum, and UV light can penetrate into water only 
within the topmost thin surface layer (a few metres), 
where the scattering and repolarization of penetrating 
refracted skylight can be neglected. 
The unpolarized light radiated by clouds becomes 
partially polarized after refraction at and transmission 
through the water surface depending on the incident 
angle (Fig. 2). The degree of polarization of this light, 
however, is much lower (see Fig. 2) than that of the 
skylight ransmitted, therefore clouds represent modestly 
polarized patches within Snell's window. Also, under 
partially clouded skies P. vulgar& can orient by means 
of the RPP, even if the sun is obscured but part of the 
blue sky is visible (Goddard & Forward, 1991). 
4.2. The role of refraction-polarization patterns in the 
sun compass navigation of aquatic animals 
In the Introduction we pointed out that the visual 
world of aquatic animals changes with depth regarding 
polarization patterns, spectral composition and light 
intensity. For animals looking at the sky through Snell's 
window from just below the water surface, the complex 
polarization pattern contains information about the 
position of the sun. They could, therefore use sun 
compass for orientation even if the sun itself is hidden 
behind clouds. In what follows we review briefly two 
known cases in which evidence or indication can be 
found in the literature that aquatic animals indeed 
navigate or orient by means of the celestial polarization 
pattern. 
4.2.1. The shrimp Palaemonetes. Many shore-living 
animals--e.g, the shrimps P. vulgaris (Goddard & 
Forward, 1989) and Palaemonetes antennarius (Ugolini, 
Talluri & Vannini, 1989) or the crab Callinectes apidus 
(Nishimoto & Herrnkind, 1982)--show an ecologically 
efficient offshore escape response which direct them 
towards deeper water. The escape response can be 
directed by cues on the shore such as local landmarks, 
slope, and waves (Herrnkind, 1983) and/or by celestial 
cues, such as the azimuthal position of the sun (Ugolini 
et al., 1989). 
Evidence for the involvement of the RPP of skylight 
in offshore escape response was convincingly demon- 
strated in the grass shrimp (P. vulgaris) (Goddard & 
Forward, 1989, 1990, 1991). These shrimps inhabit 
estuarine waters, during rising tides they disperse in the 
water-covered shore vegetation and when the tide is 
FIGURE 9. As Fig. 6 for the direction of polarization ofskylight ranging from 0 (bright) and 90 deg (dark) in steps of 10 deg 
measured from the meridian of the point observed in the clear sky. Since all E-vectors of the celestial polarization pattern are 
horizontal when the sun is at the zenith, pattern (A) is homogeneously dark. Parameters a in Fig. 4. 
REFRACTION-POLARIZATION PATTERNS OF SKYLIGHT 1661 
FIGURE 10. (A-D) Patterns of the direction of polarization ofrefracted skylight within Shell's window of the flat water surface 
under clear skies for different zenith distances ofthe sun. Since all refracted E-vectors are horizontal when the sun is at the 
zenith, pattern (A) is homogeneously dark. (E) Colours corresponding to the different intervals of the direction of polarization 
of refracted light ranging from 0 (bright) to 90 deg (dark) in steps of 10 deg measured from the meridian of the celestial point 
observed through the Snell's window. The outermost circles represent the boundary of Snell's window. Other conventions and 
parameters a in Fig. 7. 
going out they retreat and congregate in shallow water 
near the shore. During low tide they are without shelter- 
ing vegetation, and therefore, vulnerable to shoreline 
predators. Most likely:. P. vulgaris resembles its close 
relative Palaemonetespugio (Douglas & Forward, 1989) 
and possesses eyes capaLble of perceiving polarized light. 
Ommatidia in this type: of eye contain a rhabdom with 
two sets of microvilli, which are aligned orthogonally to 
each other. 
Goddard and Forward (1989) found that P. vulgaris 
is capable of an offshor,~ escape response when the sky is 
clear, or the sun can be seen through a clouded sky, or 
even if the sun is obscured but part of the blue sky is 
visible. This response is', a time-compensated menotactic 
orientation that decays after 7-24 hr under constant 
conditions and overnight (Goddard & Forward, 1990). 
After extended periods ,3f complete cloud cover and each 
morning after sunrise, the shrimp must relearn (within 
2.5-4 hr) the relationship between the skylight cues and 
the offshore direction. There is a hierarchy of orientation 
cues: the sun can be used alone and is dominant over 
other celestial cues, anti the polarization pattern of the 
sky is dominant over the intensity pattern. The polariz- 
ation pattern is a backup cue for the position of the sun 
on partly cloudy days, when the sun is occluded but sky 
is visible; or on windy days, when ripples and waves 
would disintegrate the image of the sun while the 
polarization pattern remains relatively unaffected. Non- 
celestial cues would be essential on completely cloudy 
days or during the period of time when the shrimps are 
exploring a new shoreline (Goddard & Forward, 1990). 
Orientation of P. vulgaris depends on the azimuth 
direction of the patch of blue sky viewed. When the 
patch is located within the solar hemisphere, the orien- 
tation of the shrimps is not significantly different from 
random. However, when the patch is in the anti-solar 
hemisphere, the shrimps are oriented in the correct 
offshore direction (Goddard & Forward, 1990). This 
may be explained by sky patches in the solar hemisphere 
having a much lower degree of polarization than those 
in the anti-solar hemisphere, particularly at high 
elevations of the sun (Figs 6-8 and 12). 
4.2.2. Migrating fishes. Both Pacific and Atlantic 
salmonids migrate during a period of their life. Anadro- 
mous salmonids hatch and forage in the freshwater 
environment until they smolt, and thereafter they swim 
out to sea, where they spend a certain time in the open 
sea and return to their natal streams. The time of return 
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and distances travelled varies from species to species but 
the distances are thousands of miles (Hawryshyn, 1992). 
There is a variety of theories postulated to explain 
homing in fish, including sun compass orientation 
(Schwassmann & Hasler, 1964), other celestial and mag- 
netic cues (Quinn & Brannon, 1982) and olfactory 
imprinting (Hasler, Scholz & Honrall, 1978). Recent 
evidence indicates that cyprinid fishes perceive both UV 
light and the plane of polarization suggesting that they 
may exploit the optical cues of the over-water and/or 
underwater polarization patterns for sun compass navi- 
gation when the sun itself is obscured (Hawryshyn & 
McFarland, 1987). 
Hawryshyn, Arnold, Bowering and Cole (1990) 
demonstrated in laboratory experiments that the rain- 
bow trout, Oncorhyncus mykiss is able to orient by 
means of polarized light. It is necessary to stimulate the 
blue-sensitive cones in addition to the UV-sensitive 
cones of trout to elicite this response. When UV is 
eliminated, E-vector orientation ceases. The accuracy of 
the orientation of rainbow trout under partially polar- 
ized light field decreases as the degree of polarization is 
reduced. Trout can still detect and use the E-vector for 
orientation provided that the degree of polarization is 
>65% (Hawryshyn & Bolger, 1990). Oncorhyncus 
mykiss loses the UV-sensitive cones during ontogeny and 
therefore its ability for orientation by means of polarized 
light (Hawryshyn, Arnold, Chiasson & Martin, 1989). 
Although light in the UV range is most strongly attenu- 
ated by water, Novales-Flamarique, Hendry and 
Hawryshyn (1992) demonstrated that there was enough 
light left near the water surface to stimulate all photo- 
receptors including the UV-sensitive ones in the retina of 
juvenile salmonides, even during crepuscular periods. 
It is apparently only the juveniles that possess the 
ability to use UV polarized light for navigation, and they 
are actually migrating during this phase. Juvenile rain- 
bow trout, for example, leave their native stream to enter 
a lake environment where they will spend their adult life 
until returning to spawn in the stream (Northcote, 1969). 
The UV vision and, in particular, detection of UV 
polarized light, may be a navigational tool used by 
juvenile salmonids leaving nursery lakes and coastal 
areas on their way to the open ocean (Novales- 
Flamarique t al., 1992). Their ability to perceive the 
plane of polarization might play a role in locating the 
position of the sun when it is obscured. 
The sky near the zenith has the highest degree of 
polarization at dawn or dusk [Figs 4, 6 and 12(A, B)] and 
thus might play a dominant role in fish orientation 
FIGURE 11. Patterns of the transmissivity of the flat air-water interface under clear skies visible from water through the Snell's 
window for different zenith distances of the sun. (E) Colours corresponding to the different intervals of the transmissivity 
ranging from 0.00 (dark) to 1.00 (white). (F) As (A)-(D) for unpolarized light of an overcast ky. In patterns (C) and (13) 
the two slightly brighter patches show the regions of Snell's window where the transmissivity is > 0.98. The outermost circles 
represent the boundary of Snell's window. Other conventions and parameters a  in Fig. 7. 
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FIGURE 12. Top: regions of the firmament (black) where the degree of polarization of skylight is >65% for two different 
distances ofthe sun: (A) 0 s = 60 deg; (B) 0 s = 90 deg. Bottom: regions of Snell's window (black) where the degree of polarization 
of refracted skylight is over 65% for the corresponding two apparent zenith distances of the sun: (C) 0~ = 41 deg; (D) 
0~ = 48.5 deg. The outermost circles in (A)-(D) represent the horizon, while the inner circles in (C) and (D) the boundary of 
Shell's window. The zenith is at the centre. The sun (A, B) and the apparent sun (C, D) are indicated by dots. 
[Figs 5, 7, 8, 10, 11 and 12(C, D); Groot, 1965; Dill, 
1971]. The results of Hawryshyn and Bolger (1990) 
however, support the conjecture that the rainbow trout 
is capable of orienting by means of less highly polarized 
light and, consequently, orientation is not necessarily 
restricted to dawn or twilight. 
5. CONCLUSIONS 
(i) The celestial polarization pattern viewed from 
water through the Snell's window of a fiat air-water 
interface is modified through refraction and repolariza- 
tion of skylight. At larger zenith distances of the sun 
there are two neutral points near the apparent sun along 
the solar meridian, and two strongly polarized patches 
near the boundary of Snell's window perpendicularly to
the solar meridian. When the sun is near the zenith there 
is a neutral point above the apparent solar and anti-solar 
points near the boundary of Snell's window along the 
solar and anti-solar meridian. There are also two slightly 
brighter patches with high transmissivity values perpen- 
dicularly to the solar meridian. 
(ii) The RPP of skylight appears to be an important 
visual cue for sun compass orientation of the grass 
shrimp (P. vulgaris). Also other shrimps might use this 
pattern for orientation. The rainbow trout (O. mykiss) 
and also other fish with polarization vision could exploit 
the RPP of the blue sky for sun compass navigation 
during migration. When the sun is near the horizon, the 
strongly polarized band of the sky might contain enough 
visual information for this task. 
(iii) It has to be assumed that the accuracy of orien- 
tation in aquatic animals by means of polarization 
patterns is impaired when the degree of polarization is 
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reduced. The sky at dawn or dusk has the greatest degree 
of polarization and the anti-solar hemisphere is more 
strongly polarized than the solar hemisphere. Conse- 
quently, the RPP of skylight from the anti-solar hemi- 
sphere might be dominant in sun compass orientation. 
(iv) The most serious factor affecting the RPP calcu- 
lated for the flat-water surface is the surface waves. Our 
calculations must be considered as a first-order approxi- 
mation of the real RPPs, which are the time average of 
the real ones visible under an undulating water surface. 
The influence of water turbidity on the RPP can prob- 
ably be neglected within the topmost thin surface layer 
of seawater, where polarization vision of aquatic animals 
takes place in the UV range. At least grass shrimps can 
cope with the effects of cloud cover on the RPP in their 
sun compass navigation. 
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APPENDIX  B 
Refraction Polarization of Unpolarized Incident Light 
When the incident light is unpolarized, then the degree of polarization 
Sr of refracted light and the transmissivity T of the water surface 
(Guenther, 1990) are 
E~X ~ -- Ermin 2_ 6r (0i) ~ 0"± (0 i)2 _ al I (0 i)2 (B 1) 
Ema.l + Erminl o.a. (0 i )2 + al I (0 i )2' 
T(0i) = l -- R(0i) = 1 Pll'Oi'2+P±fli'~(~(~ (B2) 
2 
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APPENDIX  A 
Fresnel Formulae for Refraction Polarization of Light 
When the electric field vector of incident light is parallel to the water 
surface, then the amplitude transmission coefficient of the air-water 
interface is 
all (0i) ~ El. 2n, COS 0 i (A1) 
Ell n a COS 0 i + x/n 2 -- n 2 sin 2/~ 
where Eli and E~ are the eloztric field amplitudes of incident and 
refracted light, 0~ is the angle of incidence with respect o the vertical, 
n~ and nw are the refractive indices of air and water (Guenther, 1990). 
When the incident electric field vector is perpendicular to the water 
surface, the amplitude transmission coefficient is 
E r = 2n, n W cos 0 i (A2) 
a± (0, ) 
E~_ n ~ cos 0i + n, x/n 2w - n2 sin 2 0i 
where E~_ and E~_ are the electric field amplitudes of incident and 
refracted light (Guenther, 1990). In the general case, when the incident 
electric field vector E i is oblique with respect o the water surface, the 
amplitudes of the parallel (horizontal) and perpendicular (vertical) 
components of the refracted electric field vectors are 
El  (0i, ~0i) =: trll (0i)Ei((oi)sin (0i, 
E~. (0 i , q~i) =: % (0i)Ei (qh)cos ~o i (A3) 
where ~0~ is the direction of incident electric field vector measured from 
the vertical. The amplitude Er and direction ~o~ of the refracted electric 
field vector are 
E~ [E i (qh), 0i, ~°i] = Ei (~°i).drill (0i)2 sin 2 q~i "~- 0"± (0 i)2 COS 2 (0i, (A4) 
) = arc tan [ a i (0i) tan q~i]. (A5) (0,, ~oi 
L ~± (0i) _l 
The transmissivity for oblique linear polarization is 
T(Oi, ~o i) = 1 - R = I - Pll (0i)2 sin 2 q3 i _ p± (0 i)2 cos 2 q~i (A6) 
where R is the reflectivity, & (0i) and Px (0~) are the amplitude reflection 
coefficients (Guenther, 1990) for parallel and perpendicular polariz- 
ation of incident light 
2 2 " 2 n acOS0 i -dnw-n  asln 0 i 
Pll (0i) 2 2 " 2 naCOS 0 i +Wnw-naS ln  0i 
2 2 • 2 n2cos 01 - n,x/n~ -- n, sin 0i 
p±(O,) n2w cos 0i + n~x/n 2 -  n~ sin 2 0i" (A7) 
APPENDIX  C 
Refraction Polarization of Partially Polarized lncident Skylight 
Except for some special points of the sky (the neutral Arago, Babinet 
and Brewster points) the natural skylight is partially linearly polarized 
(Coulson, 1988). The polarization ellipse of skylight is described by the 
following expression 
Emin 
Ei(~o~, ~, ~) E~ n = Em~%/1 - E? 
~/1 - c~ cos2(~0~- i)' 
(C1) 
where E~ n and E m~x are the half minor and major axes, ~t i is the 
direction of the major axis with respect to the vertical plane of 
incidence, and 
,=d' - L E~_I (C2) 
is the excentricity of the ellipse. The relationships between the degree 
of polarization 6i and excentricity q are 
E~ f 2~ 
ai=2_..~2i2' ' i=?17~ i " (C3) 
Combining equation (A4) and (C1), the electric field amplitude of 
partially polarized refracted skylight can be expressed as 
Er(O~, ~o~, i, El) = Emin 70"ll (0i)--~ sin2 ¢p~ + °"1 (0i)2 c°s2 (Pi 
_ E2 cos2(~oi _ cti) (C4) 
The spatial distribution of the electric field vector of refracted light 
described by equation (C4) is not an ellipse but an oval. Therefore one 
must determine numerically the extrema E rain and E~ x of function (C4) 
and then calculate the degree of polarization and direction of the major 
axis of the refraction polarization oval. 
The transmissivity of the air-water interface for partially linearly 
polarized incident skylight is 
. 2 , / t  -,~ 
T = 1 - -R  -~ 1 ~°Er (~°i)dtpi - 1 - - /  
~ E~ ((Pi)dtp i 
I ~(P~+P~) P~-P~ 
2 2 
f_ 
-~ 1 -- t 2 
× . . . .  dt, 
zJ4 + %t3 + z2t2 + rlt + Zo 
E~ "~ " -E  2 sin(2ai), 
z2=2- -E i  2, z4= 1--ei2sin2~ i. (C5) 
Since it is very complicated to calculate analytically integral I in 
equation (C5), the numerical integration is more expedient. 
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APPENDIX  D 
List of Symbols, their Meanings and Equation Numbers in the Appendices 
Symbol Meaning 
Number of 
equations 
in Appendices 
n. = 1.000 
nw = 1.333 
T 
trll 
O'& 
R 
Pll 
Pi 
0 i  
03 = 53 deg 
0 s 
0~ 
0 
~Pi 
~Pr 
~o 
0~ i 
~r  
2 
Ei 
6r 
Ei 
Em~ 
Ey ° 
Ek 
E~ 
Ey  ~ 
E~ 
Ek 
Refractive index of air 
Refractive index of water 
Transmissivity of the water surface 
Amplitude transmission coefficient of linearly polarized 
incident light, E-vector parallel to the water surface 
Amplitude transmission coefficient of linearly polarized 
incident light, E-vector perpendicular to the water surface 
Reflectivity of the water surface 
Amplitude reflection coefficient of linearly polarized 
incident light, E-vector parallel to the water surface 
Amplitude reflection coefficient of linearly polarized 
incident light, E-vector perpendicular to the water surface 
Incident angle of light measured from the vertical 
Brewster angle; when 0 i = 53 deg the reflected light is 
totally horizontally polarized 
Angular zenith distance of the sun 
Apparent angular zenith distance of the sun viewed from 
water through the Snell's window of the flat water surface 
Angular zenith distance of a celestial point observed from air 
Angle of obliqueness of the electric field vector of totally 
linearly polarized incident light measured from the vertical 
plane of incidence 
Angle of obliqueness of the electric field vector of totally 
linearly polarized refracted light measured from the vertical 
plane of refraction 
Angular azimuthal distance of a celestial point measured 
from the solar meridian 
Direction of polarization of incident light measured from 
the vertical plane of incident 
Direction of polarization of refracted light measured from 
the vertical plane of refraction 
Wavelength of light 
Excentricity of the polarization ellipse of incident light 
Degree of linear polarization of incident light 
Degree of linear polarization of refracted fight 
Amplitude of the electric field vector of incident light 
Maximum of Ei; half of the major axis of the polarization 
ellipse of incident light 
Minimum of El; half of the minor axis of the polarization 
ellipse of incident fight 
Horizontal (parallel to the water surface) 
component of E i 
Vertical (perpendicular to the water surface) 
component of Ei 
Amplitude of the electric field vector of refracted light 
Maximum of Er; half of the major axis of the RPO 
Minimum of Er; half of the minor axis of the RPO 
Horizontal (parallel to the water surface) 
component of E r 
Vertical (.perpendicular to the water surface) 
component of E r 
(A1), (A2), (A7) 
(A1), (A2), (A7) 
(A6), (B2), (C5) 
(AI), (A3), (A4), 
(A5), (B1), (124) 
(A2), (A3), (A4), 
(A5), (B1), (C4) 
(A6), (a2), ((25) 
(A7), (BE), (C5) 
(A7), (BE), (C5) 
(AI), (A2), (A7) 
m 
(A3), (A4), (A5), 
(A6), (C1), 
(c4), (c5) 
(A5) 
(el), (C4), (C5) 
m 
(C1), (C2), (C3), 
(c4), (c5) 
(C3) 
(al) 
(A3), (A4), 
(el), (C5) 
(el), (C2) 
(el), (C2), (C4) 
(A1) 
(A2) 
(A4), (C4), (C5) 
(BI) 
(B1) 
(AI), (A3) 
(A2), (A3) 
